The aim of the present study was to use multilocus sequence typing (MLST) of a diverse collection of Pasteurella multocida with regard to animal source, place and date of collection, including all available serovars of Carter, Heddleston, Little & Lyon, Namioka, Cornelius and Roberts, to further investigate the evolution of this species with a focus on two lineages, A (P. multocida subsp. multocida and P. multocida subsp. gallicida) and B (P. multocida subsp. septica), previously reported. Isolates of P. multocida (n5116) including reference strains of major serotyping systems were investigated by MLST based on partial sequences of the genes adk, est, gdh, mdh, pgi, pmi and zwf, and 67 sequence types (STs) were observed. Phylogenetic analysis of these concatenated sequences confirmed the separation of groups A (41 STs, 71 isolates) and B (22 STs, 38 isolates) out of the 67 STs. All Carter serovars, 12 Heddleston serovars, all three Little-Lyon types, six out of seven Namioka serovars, all five Roberts types and all four Cornelius serovars were allocated to the A group, while group B included the remaining four Heddleston serovars, 6, 7, 8 and 13, in addition to Namioka type 8 : A. The overrepresentation of reference strains of serotyping systems in the A group contrasts with the high number of isolates obtained from diseased birds in the B group, the effect of which should be addressed in future vaccine development. Isolates from birds (25) dominated the B group, which also included four isolates from Felidae, whereas group A included isolates from all types of hosts. The evolutionary implications of the lack of capsular type D, pig and bovine isolates in group B, as well as its association with Aves and Felidae that also applied to the whole Rural Industries Research and Development Corporation (RIRDC) MLST database, need further investigation. The combination of rpoB and 16S rRNA gene sequence comparison as well as the developed PCR test assigned isolates to lineage A, represented by the type strain of P. multocida subsp. Multocida, or lineage B represented by the type strain of P. multocida subsp. septica. It was not possible to circumscribe either the A or B lineages with a set of conserved phenotypic characters, calling into question the validity of subspecies within P. multocida. Phylogenetic analysis carried out on individual MLST genes showed deviations as to single or multiple genes for 17 % of group A and 43 % of group B, indicating that lineage A probably developed from lineage B, and that major changes are ongoing. From a genotypical point of view, we conclude that P. multocida subsp. gallicida represents an artificial unit.
INTRODUCTION
Pasteurella multocida represents a heterogeneous species, responsible for a wide range of economically important diseases in domesticated and wild animals worldwide (Rimler & Rhoades, 1989) . Although there are many host reservoirs for P. multocida, as compared with most other species of the Pasteurellaceae, it is not yet clear if different lineages of this organism may be associated with specific disease manifestations in both birds and mammals (Davies et al., 2003a (Davies et al., , b, c, 2004 . Based upon DNA-DNA hybridization, three clusters of P. multocida showing 84-100 %, 91-100 % and 89-100 % DNA reassociation between strains, subsequently described as P. multocida subsp. multocida, P. multocida subsp. gallicida and P. multocida subsp. septica, respectively, were identified by Mutters et al. (1985) . Differences in dulcitol and (2) D-sorbitol fermentation were initially used for separating the subspecies identified, with P. multocida subsp. multocida being dulcitol-negative and sorbitol-positive, P. multocida subsp. gallicida positive for both reactions and P. multocida subsp. septica negative for both. However, considerable phenotypic and genotypic diversity of P. multocida was later reported by Christensen et al. (2004 Christensen et al. ( , 2005 , who revised the characteristics of the species. Based upon phylogenetic analyses of the nucleotide sequences of 16S rRNA, rpoB and atpD, two lineages, A (P. multocida subsp. multocida and P. multocida subsp. gallicida) and B (P. multocida subsp. septica), have been reported (Kuhnert et al., 2000; Davies, 2004; Christensen et al., 2005; Korczak et al., 2004; Korczak & Kuhnert, 2008) , the biological significance of which remains to be elucidated.
According to Petersen et al. (2001) HpaII ribotypes surprisingly demonstrated identical band patterns for strains of P. multocida subsp. multocida and P. multocida subsp. septica (identified by phenotype as explained above), calling into question the relevance of only using (2) D sorbitol as a diagnostic criterion for separating these subspecies. Similar problems have been reported by Kuhnert et al. (2000) ; Hunt Gerardo et al. (2001) and Davies (2004) . Hunt Gerardo et al. (2001) used the a-glucosidase test to separate P. multocida subsp. septica from subsp. multocida. However, these investigations only included isolates obtained from catand dog-bite wounds of humans.
Different molecular typing methods are used to address short-term or local epidemiology and long-term or global epidemiology, respectively. Until recently, the most appropriate of the current methods for long-term epidemiology of potentially pathogenic bacteria and for identification of lineages that have an increased propensity to cause disease undoubtedly was multilocus enzyme electrophoresis (MLEE) (Smith et al., 1993) . Blackall et al. (1998) used this method to investigate the population structure and diversity of avian isolates of P. multocida. The population structure was clonal, and 71 electrophoretic types (ETs) identified formed three subclusters. Both type strains of P. multocida subsp. multocida and subsp. gallicida belonged to MLEE cluster A, while the type strain of P. multocida subsp. septica was classified with MLEE cluster B. A single isolate, PM82, representing biovar 8 and ribotype 15 made up MLEE cluster C. Identifying alleles directly from the nucleotide sequences of internal fragments of housekeeping genes later formed the basis for multilocus sequence typing (MLST). MLST allows sequence data to be compared readily between laboratories. Based upon seven housekeeping genes -adk, est, gdh, mdh, pgi, pmi and zwf -39 sequence types (STs) were recognized among 63 Australian poultry isolates and the three reference strains for P. multocida (Subaaharan et al., 2010; RIRDC, 2012) . A strong concordance was observed between MLST data and existing MLEE data. Unfortunately, the study only included isolates from fowl cholera in Australia and consequently gave no insight as to the possible existence of host-and/or disease-related clonal lineages in addition to lineages that might have an increased propensity to cause disease. Recent MLST-based investigations have mainly focused on the association between hosts and lesion types, and included P. multocida isolated from calves and pigs (Hotchkiss et al., 2011; McFadden et al., 2011; Pors et al., 2011) . In addition, case reports have been provided from apes and kangaroos (Köndgen et al., 2011; Bertelsen et al., 2012) .
The aims of the present study were to use MLST sequences of a diverse collection of P. multocida as to animal source, geography and time, including all available serovars of Carter, Heddleston, Little & Lyon, Namioka (Brogden et al., 1979) , Cornelius (1929) and Roberts, to investigate the evolution of this species. For identification of lineages A and B, rpoB and 16S rRNA genes were sequenced and subjected to phylogenetic analysis for comparison. Isolates were also investigated in a 16S-rRNA-gene-based PCR designed to identify P. multocida subsp. septica.
METHODS
Strains investigated. Information about the 116 strains investigated is shown in Table S1 available with the online version of this paper. A set of 43 strains were selected to include reference strains for major serotyping systems (Brogden & Packer, 1979) and 21 to include the variation observed in genotype based on a previous ribotyping investigation (Petersen et al., 2001 ). An additional 52 isolates were included representing 14 different hosts. These isolates had been isolated and identified as P. multocida according to Christensen et al. (2012) and Mutters et al. (1985) . Strains investigated were stored frozen as described by Christensen et al. (2007) . Cultures were plated on blood agar (Blood Agar Base, CM55; Oxoid) containing 5 % sterile bovine blood and incubated at 37 u C for 24 h. Subcultures were made after 24 h. DNA was extracted using Qiagen QIAamp DNA Blood and Tissue kit according to the manufacturer's instructions (Qiagen).
DNA sequencing of genes used for MLST and of rpoB and 16S rRNA genes. MLST based on the seven housekeeping genes adk (coding for adenylate kinase), est (esterase), pmi (mannose-6phophate isomerase), zwf (glucose-6-phosphate 1-dehydrogenase), mdh (malate dehydrogenase), gdh (glutamate dehydrogenase) and pgi (glucose-6-phosphate isomerase) was performed on all 116 isolates according to the protocol of Subaaharan et al. (2010) . PCR conditions were an initial denaturation of 5 min at 94 u C; 30 cycles of 94 u C for 30 s, 48 u C for 30 s and 72 u C for 1 min, and a final elongation at 72 u C for 5 min. For the gdh gene the annealing temperature was 58 u C instead of 48 u C, originally reported by Subaaharan et al. (2010) . Amplification products were purified in Microspin S-400 HR columns (GE Healthcare) and sequenced using the same primers, except for zwf. For this gene, primer zwf2-forward was used as forward primer in cases where zwf1-forward did not work. Selected isolates were characterized by rpoB and 16S rRNA sequencing for identification at subspecies level of P. multocida. The partial rpoB sequence of 37 isolates was determined according to Korczak et al. (2004) . Primers Pasrpob-L (59-GCAGTGAAAGARTTCTTTGGTTC) and Rpob-R (59-GTTGCATGTTNGNACCCAT) amplified a 560 bp fragment from the rpoB gene, corresponding to positions 1501-2059 of the Escherichia coli rpoB gene. PCR conditions, including cycling conditions and purification of the PCR products, were in accordance with those of Korczak et al. (2004) . Sequencing of the 16S rRNA gene of eight strains selected based on rpoB sequence comparison was performed according to previous reports (Christensen et al., 2002; Angen et al., 2003) and included at least the region 63-1363 of the rrnb gene of Escherichia coli (GenBank accession number J01695). The other sequences listed in Table S1 were obtained during previous investigations.
Analysis of DNA sequences. Assembled sequences were aligned and compared using CLUSTAL_X (Thompson et al., 1997) . The alignments were trimmed by BioEdit (Hall, 1999) and neighbour joining phylogenetic trees generated by CLUSTAL_X and visualized by MEGA4 (Kumar et al., 2008) . Phylogenetic analysis of the DNA sequences used for MLST was either done for each gene separately or for the concatenated DNA sequences of the seven partial gene sequences. Pairwise comparisons for similarity were performed by the program WATER included in EMBOSS (Rice et al., 2000) . BLAST search (Altschul et al., 1997) was performed in GenBank (Benson et al., 2012) .
ClonalFrame (Didelot & Falush, 2007) was used to infer the evolutionary relationships between the STs of P. multocida. The model used in the program is a standard coalescent with a constant population size. Based on simulations and Bayesian inference it is possible to distinguish between substitutions that are novel, and those already present in another lineage. Ten runs were performed with 10000 iterations each followed by burn-in of 10000 iterations. The dendrogram showing the relationships between STs was based on a 50 % majority rule consensus. To evaluate its robustness, the analysis was repeated 10 times and the branches occurring in five to eight and nine and ten of the trees were labelled on the dendrogram. In addition to data generated in the current investigation, a concatenated phylogenetic analysis as well as analysis by ClonalFrame was also carried out for all 273 STs registered in RIRDC (as of November 2012). P. multocida subsp. septica-specific PCR and capsular PCR. Primer design was based on the 16S rRNA gene sequences of P. multocida from the GenBank database and from reference strains in the current study (Tables S1, S2). The forward primer, PMA2f (59-ATAACTGTGGGAAACTGCAGCTAA-39) was adopted from Corney et al. (2007) and showed a perfect match to all sequences. This primer showed some tendency for homodimers with a free energy of melting (DG) of 210.24 kcal mol 21 with 39 overhangs and weak tendency for hairpins with DG of 22.24 kcal mol 21 (OligoAnalyzer 3.1) (Owczarzy et al., 2008) . A reverse primer was designed and used to carry out the specific PCR and was designated pmsr 1023r with the sequence: 59-AGAGCTCCCGAAGGCACACT-39). It showed a tendency for homodimer formation with DG of 29.49 kcal mol 21 , but only weak tendency for hairpin formation (OligoAnalyzer 3.1). Primers were tested in silico by performing a BLAST search in GenBank. The expected PCR product size was 895 bp. Primers were used in a final concentration of 0.2 mM. The PCR amplification program included 95 u C for 5 min, 30 cycles of 95 u C 1 min, 57 u C 1 min and 72 u C 1 min followed by a final extension of 72 u C for 9 min. PCR products were run in a 1 % agarose gel (Lonza) and stained with ethidium bromide (0.07 % w/v, Sigma) for visualization under UV-light. All strains were evaluated by the PCR. The PCR for capsular typing published by Townsend et al. (2001) was used to evaluate 83 isolates.
RESULTS
A total of 67 STs were identified among the 116 isolates investigated (Tables 1, S1). The STs of the type strains of P. multocida subsp. septica and subsp. gallicida making up ST15 and ST14, respectively, were not represented among the isolates investigated, whereas five isolates shared ST13 with the type strain of P. multocida subsp. multocida.
A concatenated phylogenetic analysis of DNA sequences used for the MLST analysis confirmed the existence of two major groups, A (40 ST, 71 isolates) and B (23 ST, 38 isolates), separated by a high bootstrap support of 95 % (Fig. 1) . The diversity of the B group was up to 3.8 % between ST178 and ST40, and the highest diversity in the A group was 2.0 % between ST137 and ST181. The highest diversity between the A and B groups was 4.0 % between ST129 and ST178 as well as between ST160 and ST178. Four STs (ST8, ST42, ST43 and ST59) represented by seven isolates took up an intermediate position (A/B). The divergent intermediate group could partly be explained when genes were analysed individually. For ST8 and ST59, six out of the seven genes showed relationship to the A group; only est sequence comparison resulted in allocation of the isolates to the B group. For ST42 and ST43, three and four out of the seven individual genes, respectively, showed relationship to the A group, the rest to group B (Fig. S1 ). When all 273 STs in the RIRDC database were compared in a concatenated sequence analysis, 194 STs were located in the A group, 70 in the B group and nine STs in the A/B group (Fig. S2 ).
Analysis of the result based on coalescence confirmed the existence of groups A and B observed in the concatenated analysis of genes used for MLST ( Fig. 2) . Distant relations between most STs were found except for the group with six STs (ST131, ST132, ST137, ST173, ST174 and ST175) isolated from pneumonia in ruminants and some STs related to ST15, representing the type strain of P. multocida subsp. septica. The subgroup with six STs isolated from ruminants was also recognized in the concatenated tree ( Fig. 1) . Common to the ruminant group was a divergent position in the pmi gene phylogeny with relationship to the B group (Fig. S1 ). The intermediate A/B group from the concatenated tree was not recognized in the coalescence dendrogram, in which they were located in the B group. When all STs in RIRDC were analysed by coalescence analysis, nine ST were identified in a group closely related to the A group (Fig.  S3 ). Six of these (ST8, ST26, ST45, ST59, ST161 and ST271) were also found in the A/B group in the concatenated analysis of all STs in RIRDC (Fig. S2 ). The remaining three ST (ST35, ST49 and ST252) were located in the B group by concatenated analysis.
Phylogenetic analysis by rpoB sequence comparisons of strains that covered the diversity in the MLST dataset and including the type strains of P. multocida subsp. multocida, P. multocida subsp. gallicida and P. multocida subsp. septica, respectively, confirmed the existence of two main phylogenetic lineages, A and B, corresponding to P. multocida subsp. multocida (including P. multocida subsp. gallicida) and P. multocida subsp. septica, respectively (Fig.  3) . The similarity was lowest in the A lineage, with 96 %, while the B lineage demonstrated 98 % similarity. Between lineages A and B, the similarity was 92-96 %. The 16S rRNA gene phylogeny reflected that of rpoB (Fig. 4) . The similarity within lineage A was as high as 99.9 % and remarkably higher than 98.4 % within lineage B. The lowest similarity between lineages A and B was 98.0 %. We did not obtain sequences of rpoB and 16S rRNA genes for all isolates since many of the divergent isolates characterized by MLST already showed identity. The A/B group was not recognized in the rpoB phylogeny, and therefore not further investigated by 16S rRNA sequence comparison.
We used the 16S rRNA gene sequences of the current study as well as the published sequences to design a specific primer for P. multocida subsp. septica based on sequencing of eight isolates and including all published sequences from GenBank. The P. multocida subsp. septica-specific primer pms1023r provided canonical base-pairing to P. multocida subsp. septica whereas T-T and T-C pairs were obtained to the other subspecies of P. multocida in the 39 end (Table  S2 ). According to Kwok et al. (1990) such pairs will only allow weak or no amplification. Two versions of the P. multocida subsp. multocida sequence of the type strain were found (Table S2 ). We tested strain NCTC 10322 T with the PCR and found it to be negative. The new PCR test was positive for the 18 strains that had been identified by rpoB and 16S rRNA sequence comparison as P. multocida subsp. septica (Fig. S4b) . A set of 21 strains were negative in the PCR in accordance with their identification as P. multocida subsp. multocida by DNA sequence comparison. Deviations were found with respect to strain P2192 of ST40 that was positive in the PCR, but belonged to group A in both rpoB and 16S rRNA phylogenetic analysis (Fig.  S4a ). However, ST40 clustered with group B in both the concatenated and coalescence dendrograms. For other strains that had not been 16S rRNA or rpoB sequenced, a positive PCR always was associated with the B group based on MLST analysis. The PCR is not specific for P. multocida, since sequences from other members of Pasteurellaceae are predicted to be amplified as well (Table S2 ).
For 61 out of 67 STs, the concatenated phylogenetic tree based on MLST genes as well as the coalescence dendrogram reflected the identification based on the combination of rpoB, 16S rRNA gene sequencing and PCR method just described. ST8 and ST59 that belonged to the intermediate A/B group according to the concatenated MLST tree and to group B in coalescence analysis, were located with lineage A in rpoB analysis. ST42 and ST43 which also belonged to the intermediate A/B group according to the concatenated tree and to B in coalescence dendrogram were allocated to lineage B in rpoB analysis. Members of both ST35 and ST40 belonged to group B according to the MLST concatenated tree and the coalescence dendrogram; however, both STs belonged to lineage A in rpoB phylogenetic analysis (Figs 1-4) .
Among the 116 isolates sequence typed, the phenotypes of 86 were available based on characterizations described previously (Bisgaard et al., 1991; Christensen et al., 2007) . The phenotypes of 48 strains including 36 P. multocida subsp. multocida, six P. multocida subsp. gallicida and six P. multocida subsp. septica all belonged to cluster A in the concatenated tree, while 38 strains representing 25 P. multocida subsp. septica and 13 P. multocida subsp. multocida belonged to cluster B. With the limited success of identification to subspecies level by phenotype, we did not characterize the rest of the strains investigated.
Most reference serovars belonged to group A including all Carter serovars, 12 Heddleston serovars and all Little and Lyon, Cornelius and Roberts serovars. Namioka types A : 1, A : 5, A : 9 and D : 2 were included as well, while group B never included Carter type D (Tables 1, S1). Group B included the remaining four Heddleston serovars (6, 7, 8 and 13) as well as Namioka type A : 8. A total of 83 Fig. S3 . FC refers to STs that include isolates from fowl cholera. STs isolated from more than one host group have been counted in all applicable host groups, resulting in a total less than their sum. isolates were investigated by the capsular PCR of Townsend et al. (2001) , however, further associations between A and B groups than those already obtained with the reference strains were not observed. For six isolates, cross-reactions were obtained between serovars as determined by the capsular PCR (Table S1 , Fig. S4a ). Host associations with respect to A and B groups evaluated both for the current study and the whole RIRDC database, surprisingly showed the lack of pig, bovine and sheep isolates in the B group and with one exception also in the A/B group (Table 1) .
DISCUSSION
This investigation confirmed the existence of two major phylogenetic lineages within P. multocida in accordance with the observation of Petersen et al. (2001) , who showed 0.3-1.3 % 16S rRNA gene variation between P. multocida subsp. multocida and subsp. gallicida and 2.1-2.2 % variation between these two subspecies and P. multocida subsp. septica. The lineages have been referred to as A and B according to Davies (2004) , who showed that isolates of P. multocida from poultry, cattle, pigs and sheep from England and Wales, four Asian isolates associated with bovine haemorrhagic septicaemia and the three type strains clustered into two distinct phylogenetic lineages, A and B, of which the type strains of P. multocida subsp. multocida and gallicida clustered with lineage A, while lineage B included the type strain of P. multocida subsp. septica (Davies, 2004) . Phylogenetic analysis of the nucleotide sequence of the housekeeping gene, atpD, also demonstrated that it was possible to separate P. multocida subsp. septica from the other two subspecies, but not P. multocida subsp. multocida from P. multocida subsp. gallicida (Petersen et al., 2001) . Excellent correlation between 16S rRNA gene sequence and repetitive extragenic palindromic sequence-PCR results were demonstrated for 14 strains of P. multocida subsp. multocida and six strains of P. multocida subsp. septica by Chen et al. (2002) .
The observed discrepancy between DNA-DNA hybridization as reported by Mutters et al. (1985) with respect to the separate position of P. multocida subsp. gallicida compared with the other subspecies and 16S rRNA sequencing results has been shown in numerous investigations, including the current comparison, while the close relationship of P. multocida subsp. gallicida especially to P. multocida subsp. multocida might be explained as a result of incomplete matrix hybridizations. This has been previously observed for species of Mannheimia (Angen Fig. 1 . Neighbour-joining phylogenetic analysis of the concatenated sequences from the RIRDC MLST scheme for P. multocida with STs indicated (see Table S1 ). , 1999) . From a genotypical point of view, we conclude that P. multocida subsp. gallicida represents an artificial unit and suggest that only the two subspecies, P. multocida subsp. multocida and P. multocida subsp. septica, remain as valid subspecies.
When all STs in the RIRDC database were compared in a concatenated phylogenetic and coalescence analysis, it was impossible to further associate the groups to 16S rRNA and rpoB phylogenies since such information was not available in the major studies of the STs (Hotchkiss et al., 2011; Pors et al., 2011) . For all STs compared both by concatenated and coalescence analysis, the A/B group included 13 STs. The comparison of individual gene phylogenies documented a low degree of consensus. When phylogenetic analysis was carried out on individual MLST genes (see Fig. S1 ) and comparison made with the concatenated tree (see Fig. 1 ), deviations as to single or multiple genes were observed for seven STs of cluster A (17 %) and 12 STs of cluster B (43 %).
This indicates that P. multocida subsp. multocida has developed from P. multocida subsp. septica under the assumption that longer time of evolution leads to higher genetic divergence and that more recent populations will show stronger gene linkage. For Avibacterium we have previously argued that such a network structure considered at gene level could indicate ongoing speciation (Bisgaard et al., 2012) . The lineages A and B seem to represent incipient species, which means species that have not fully diverged to become species on their own and still have some traits from their sibling species (Retchless & Lawrence, 2007) . The range of partial rpoB similarities between members of P. multocida was 96 % or higher. This is within the species limit given by Adékambi et al. (2009) . The lack of unique phenotypic characteristics to differentiate between lineages A and B also points to incipient species, although the full genetic background behind all phenotypes has not been fully clarified. Previously 23 STs included in RIRDC were allocated to eight biovars of Fegan et al. (1995) . Most Table  S1 ) of P. multocida based on coalescence analysis as determined by the program ClonalFrame. Filled circles represent the consensus for branches in nine and 10 out of 10 repetitions of the analysis, whereas filled squares represent the consensus for branches in five to eight repetitions out of 10. The scale bar represents sequence variation considering the model for nucleotide substitution and tree algorithm used in the analysis. . 3 . Neighbour-joining phylogenetic analysis of partial rpoB sequences of selected P. multocida isolates labelled according to ST (see Table S1 ). The scale bar represents sequence variation considering the model for nucleotide substitution and tree algorithm used in the analysis. The sequence of the type strain of Pasteurella canis was used as outgroup. Table S1 ). The scale bar represents sequence variation considering the model for nucleotide substitution and tree algorithm used in the analysis. The sequence of the type strain of P. canis was used as outgroup.
isolates in 17 STs belonged to group A using the terminology of the current study and they could be allocated to biovars 1, 2, 3, 4, 5 and 12 whereas only three STs (ST23, ST32 and ST34) belonged to biovars 6, 7 and 10 of the B group. ST8, ST19 and ST26 of biovars 3 and 6 fell in the intermediate A/ B group (Subaaharan et al., 2010; RIRDC) . The low number of isolates in the B and A/B groups association with biovars in RIRDC thus provided limited opportunities to evaluate the phenotypic separation of A and B groups in relation to the biovars defined by Fegan et al. (1995) .
We compared data from the current study with that included in the MLST database at RIRDC and found that isolates from birds clearly dominated groups B and A/B and that group B never included pig, bovine and sheep isolates. The remaining isolates of group B were mainly from Felidae. Group A included isolates from a very diverse group of hosts. Certain STs were obviously related to a limited numbers of hosts. The single locus variants (SLVs) ST8 and ST35 were mainly associated with turkeys and related to the double locus variant (DLV) ST59 also obtained from turkeys. This observation has been published in a preliminary report (Petersen et al., 2009 ). ST122 has been associated with haemorrhagic septicaemia of cattle (Hotchkiss et al., 2011) (preliminary report by Christensen et al., 2011) , while its SLV ST63 seems to be involved in calf pneumonia (McFadden et al., 2011) . The type strain of P. multocida subsp. gallicida included with ST14 was related as an SLV to ST65. The type strain of P. multocida subsp. septica included with ST15 was related to the SLVs ST3 and ST46 isolated from turkey and cat. A close relationship was found between different STs by pairs of ST131 and ST132, ST137 and ST173 and ST174 and ST175 -all SLVs and all six isolated from pneumonia in ruminants. When pmi sequences were analysed alone, they clustered with the B group compared with the six other genes which were most closely related to group A (see Fig.  S1 ) indicating a recent horizontal transfer of this gene. Surprisingly, only one of these (ST137) was also identified by Hotchkiss et al. (2011) in their analysis of 128 isolates from bovine respiratory disease. It should be noted that all six STs originated from the Western part of Europe (see Table S1 ) and that geographical relationships could be a factor explaining the close relationship beside that of a common host. We suggest this ruminant group to be of recent origin. For six isolates, cross-reactions (A/F, A/D) were obtained between serovars as determined by the capsular PCR. Database comparison of DNA similarity between the regions expected to be amplified by the PCR showed 87 % between A and F (accession number AF067175 strain X73; AF392467, strain P4218) and 78 % between D and A (accession number AF302465, strain P934; CP001409, strain 3480). This agrees with the higher similarity of genes in the cap locus between serovars A, D and F than between these and B and E that had been previously noted by Townsend et al. (2001) . When target DNA regions were compared for the PCR primers good to weak amplification of primers were predicted according Kwok et al. (1990) when the primer set for the cap A serovar locus was used on sequences of serovar F strains or the reverse. Similar was found for the cap D-serovar-specific primers used on sequences of serovar A. Both the high degree of similarity within target regions of the PCR and the potential for mis-amplification explains the cross-reactions. In addition point mutations in the primer binding target regions could have increased the risk of crossreactions in certain strains. In future studies, it is recommended to perform whole-genome sequencing of isolates that show cross-reactions and perform sequence comparisons to the reference sequences of the A, F and D cap gene regions to unequivocally determine their serovar status.
The difference observed in the 16S rRNA sequence between the two versions of the P. multocida subsp. multocida type strain may relate to different alleles of the gene in the different operons of the type strain. This difference did not affect the outcome of the PCR test for the type strain. Divergence of alleles of the 16S rRNA gene in the same cell might explain the positive outcome of strain P2192 of ST40 in the PCR, although it belonged to lineage A in both rpoB and 16S rRNA analysis. The PCR designed to distinguish between lineages A and B is not specific for P. multocida, since sequences from other members of Pasteurellaceae were predicted to be amplified as well. For species specificity we recommend other PCRs such as those of Corney et al. (2007) or Townsend et al. (1998) . Recently a RFLP procedure based on restriction enzymic digestion of PCR-amplified 16S rRNA was published that also allowed the separation of A and B lineages of P. multocida (Sellyei et al., 2012) . This method also seems limited to strains already identified as P. multocida. The method seems similar both with respect to accuracy and time demand to the one we described.
Phenotypic properties of P. multocida are very diverse, making diagnostics based upon classical phenotypic characterization quite problematic (Christensen et al., 2005) . In addition, the traditional discrimination between subspecies based upon acid formation from sorbitol, trehalose and dulcitol has been questioned in several papers ( 2004; Stahel et al., 2009) . The alpha-glucosidase test has been suggested for separation of P. multocida subsp. septica and P. multocida subsp. multocida (Hunt Gerardo et al., 2001) . In the present investigation, data on sorbitol, trehalose and alpha-glucosidase were available for the 86 strains investigated according to the phenotypic comparison. However, a mixture of P. multocida subsp. multocida and P. multocida subsp. septica was demonstrated for both groups A and B. The phenotype of P. multocida subsp. gallicida was recognized in ST51, ST58, ST60 and ST61 that all belonged to the A group; however, they were unrelated to each other and to ST14 that included the type strain of this subspecies. Other investigations have associated biovars according to Fegan et al. (1995) . None of the biovars identified among the STs in RIRDC (except for the type strain) was allocated to subsp. gallicida.
In conclusion, almost all isolates were genetically classified with lineage A or B, even though these lineages could not fully be recognized at a phenotype level. For the same reason, the subspecies P. multocida subsp. multocida and P. multocida subsp. septica should be maintained, while no data seem to support the existence of P. multocida subsp. gallicida. We found a subgroup within the A group, including six STs, all isolated from respiratory tract lesions in ruminants. This grouping might represent a starting point for further characterization as to common potential virulence properties and for the design of specific PCR tests to detect this population. When phylogenetic analysis was carried out on individual MLST genes, deviations as to single or multiple genes were observed more than twice as often for group B compared with group A, which indicates that P. multocida subsp. multocida has developed from P. multocida subsp. septica, and that major changes are ongoing. The limitations of major serotyping systems to cover lineage B might have implications for vaccine development.
